Introduction
S-(+)-DMcPA is an important chiral building block for the production of cilastatin (11) , an inhibitor of dehydropeptidase-i commonly administered with carbapenem antibiotics to prevent their degradation in the kidney and widely used in clinic applications (4) . S-(+)-DMcPA can be prepared either by a chemical processes of asymmetric catalysis or by racemate resolution. however, drawbacks such as the need for expensive chiral ligands, difficult reaction conditions and a number of complicated steps have been reported for the chemical processes (19) . in the quest for a mild and cost-effective process for the chiral resolution of racemic DMcPA, alternative biocatalytic processes have recently been developed. Some nitrile-hydrolyzing microorganisms such as Rhodococcus sp. AJ270 and Rhodococcus erythropolis Atcc 25544 have been reported to produce S-(+)-DMcPA from 2,2-dimethylcyclopropanecarbonitrile (17, 21) . however, the reported enantiomeric excess (ee) of S-(+)-DMcPA was only around 90 % or less. Additionally, cyanide is a highly toxic compound, inevitably used in the synthesis of nitrile compounds, which is not environmentally friendly. in our previous work, the commercial lipase Novozym 435 was used for the first time in the preparation of S-(+)-DMcPA by asymmetric hydrolysis of racemic ethyl-2,2-dimethylcyclopropanecarboxylate (DMcPe) with 45.6 % yield and 99.2 % ee after 64 h (18) . Although the conversion yield and chiral specificity of S-(+)-DMcPA were excellent, the reaction time was somewhat long, mainly due to the poor solubility of DMcPe in water resulting in the problem of mass transfer during the resolution process (9) . For this reason, water-miscible organic co-solvents are often warranted for enzymatic hydrolytic reactions with hydrophobic substrates (15, 20) .
the addition of a water-miscible organic solvent into an aqueous medium is known to increase the solubility of the hydrophobic substrate and decrease mass-transfer limitations (7, 10) . With this method, the choice of organic co-solvent is critical. Adding a small amount of hydrophilic and lowmolecular weight solvents such as n,n-dimethylformamide (DMF), 2-propanol and formaldehyde has been reported to enhance the catalytic activity of enzymes (1, 5, 12) . it has been argued that the use of hydrophilic solvents with low log P can accelerate the reaction process (13) and stabilize the protein tertiary structure (7) . however, co-solvents with high log P can inhibit the enzymatic hydrolytic reaction. therefore, many solvent effects can arise from substrate distribution on the enzyme's surface and diffusion of the substrate/product in the reaction medium (13) . By changing the microenvironment of enzymes with solvent addition, it is possible to modulate the hydrolytic process and alter the enzyme activity (15) . Although several studies have investigated hydrolytic reactions with polar organic co-solvents, our study is the first to produce S-(+)-DMcPA by bio-resolution of racemic DMcPe in the polar organic solvent-water medium, using novozym 435 as the biocatalyst. Moreover, the efficient route developed in this study can offer the possibility for preparation of S-(+)-DMcPA in larger quantities.
in this study, the enzymatic resolution of racemic DMcPe in polar organic solvent-water medium was investigated (Fig. 1) . the effects of different polar organic co-solvents were evaluated so as to establish the optimum co-solvent with which to maximize the efficiency of the reaction.
Materials and Methods
Materials commercially immobilized lipase from Candida antarctica B (novozym 435) was purchased from novozymes, Denmark. S-(+)-DMcPA and DMcPe were synthesized and supplied by Zhejiang hisoar Pharmaceutical co., ltd. china. other chemicals were of analytical grade.
Enzymatic resolution of racemic DMCPE in phosphate buffer the hydrolytic reaction was carried out in 50 ml erlenmeyer flasks, shaken on a rotary shaker at 30 °C and 200 rpm. Firstly, DMcPe (35 mmol/l to 140 mmol/l) was dissolved in 10 ml potassium phosphate buffer (1 mol/l, ph 7.2), after which 0.16 g of novozym 435 was added to initialize the reaction. the samples were drawn at regular time intervals and analyzed by gas chromatography (Gc) after extraction with ethyl acetate.
Enzymatic resolution of racemic DMCPE in polar organic solvent-water medium Different polar organic solvents, such as DMF, acetonitrile, acetone, 2-propanol, 1,2-dihydroxypropane, formaldehyde, and tetrahydrofuran, were respectively mixed with potassium phosphate buffer. DMcPe (35 mmol/l to 140 mmol/l) and novozym 435 (0.16 g) were added into 50 ml erlenmeyer flasks containing 10 mL of potassium phosphate buffer/organic co-solvent mixture. For the general resolution process, except where otherwise noted, the Erlenmeyer flasks were shaken at 30 °C and 200 rpm. The samples were analyzed by GC after extraction with ethyl acetate.
Solubility test the solubility of DMcPe was determined in polar organic solvent-phosphate buffer mixture at 30 °C. An excess of DMCPE was added into 50 mL Erlenmeyer flask containing 10 ml of phosphate buffer/water-saturated organic co-solvents mixture (16) . The Erlenmeyer flasks were shaken at 30 °C and 200 rpm for 24 h, followed by centrifugation at 9000×g for 10 min, after which the undissolved substrate was removed by filtration (0.45 μm cellulose nitrate membrane). The filtrates were analyzed by Gc after extraction with ethyl acetate. All solubility results are given as the average of three replicated experiments.
Analytical method the yield and optical purity of the product were measured by gas chromatography. A Gc-2014c instrument (Shimadzu, Japan) equipped with a flame ionization detector and a ChirasilDex cB column (25 m × 0.25 mm, Varian, USA) was used. Gc analysis was performed under the following conditions: carrier gas, nitrogen; flow rate, 2 mL/min; inlet temperature, 250 °C; detector temperature, 250 °C. For enantioselective separation of the acid, the initial column temperature was 80 °C, held for 3 min at 80 °C, then increased with an 8 °C/min gradient to 180 °C, and held for 5 min at 180 °C.
the enantiomeric excess (ee), yield (Y) and enantiomeric ratio (e) were calculated using the following equations. 
Results and Discussion
Effects of organic co-solvents on the enzymatic resolution of racemic DMCPE The reaction medium has a significant influence on enzymatic hydrolytic reactions. hydrophilic organic co-solvents such as DMF, 2-propanol, and ter-butanol have been used to enhance the catalytic efficiency of hydrolytic reactions (1, 5, 15) . to establish an effective polar organic solvent-water medium for improving DMcPe solubility and hydrolytic efficiency in aqueous buffer, several polar organic solvents were tried and the solvent was added into the reaction buffer at a volume fraction of 5 %. the effects of different solvents on both the activity and the enantioselectivity of novozym 435 were examined at 24 h or 40 h. As shown in Table 1 , the yield and e were increased when DMF or 1,2-dihydroxypropane was used as a co-solvent at 24 h and 40 h. An enhancement in both the production yield and e were observed in the presence of formaldehyde at 40 h. DMF, 1,2-dihydroxypropane and formaldehyde were selected as organic co-solvents for further experiments.
to determine the optimal co-solvent, the effect of varied solvent concentration on the yield was investigated. in general, the yield increases with increasing of the co-solvent at low concentrations; however, an inhibitory effect can arise at high concentrations (5) . As shown in Fig. 2 , when 1,2-dihydroxypropane was used as a co-solvent at a volume fraction of 5 %, the maximum yield of S-(+)-DMcPA was obtained. Similarly, the highest yields were achieved in the presence of DMF (at a volume fraction of 15 %) and formaldehyde (at a volume fraction of 1 %), where concentrations of DMF and formaldehyde above these levels generated lower yields of S-(+)-DMcPA. the reason for this effect may be that higher concentrations of the hydrophilic solvent can 'steal' the essential water molecules bound to the enzyme, which are necessary to preserve the flexibility of the enzyme conformation. of the three kinds of co-solvents, DMF gave the highest yield and thus was selected as the cosolvent for the hydrolysis of DMcPe in the subsequent experiments. Relationship between hydrolytic reaction and co-solvent characteristics to gain a better understanding of the effect of co-solvents on the asymmetric hydrolysis of DMcPe, we plotted the yield of S-(+)-DMcPA against solvent parameters such as hydrophobicity, polarity and dielectric constant. the yield was found to correlate well with the dielectric constant of the co-solvent, suggesting that electrostatic forces between the organic co-solvent and enzyme influenced the enzyme's structure and function in this case (2) . As shown in Fig. 3 , a higher yield of S-(+)-DMcPA was obtained with co-solvents with higher dielectric constants, which would generate a more flexible enzyme. Greater flexibility in an enzyme can increase its catalytic activity (13). As shown in Table 1 , the solubility of DMcPe was greater with all of the organic co-solvents tested, compared to the buffer only. the maximum solubility (362.4 mg/l) obtained with the addition of DMF (at a volume fraction of 5 %) was aproximately about three times higher than that (112.0 mg/l) obtained in buffer. thus, the stimulatory effect of some cosolvents on the hydrolytic reaction may partly arise from an increase in solubility and reduction of diffusion limitation (2).
Optimization of various parameters on Novozym 435-mediated enzymatic resolution of racemic DMCPE in polar organic solvent-water medium
Effect of DMF concentration on the enzymatic resolution of racemic DMCPE Fig. 4 shows the effect of DMF concentration in buffer solution on the yield and ee of product at 30 °C. In the range of DMF volume fractions from 1 % to 30 % in the reaction buffer, the yields were enhanced compared with that without DMF addition. the highest yield was achieved in the presence of DMF at a volume fraction of 15 %. With the addition of DMF at a volume fraction of 15 %, the solubility of DMcPe (up to 847.6 mg/l) is about eight times greater than that (112.0 mg/l) in buffer solution only. The addition of DMF had no significant effect on the ee value of the product. thus, DMF at a volume fraction of 15 % produces the best effect on the yield and enantioselectivity. Effect of buffer pH on the enzymatic resolution of racemic DMCPE Buffer ph plays a key role in enzymatic hydrolytic reactions. that is why, the effects of buffer ph on the yield and ee of S-(+)-DMcPA were investigated in a ph range from 6.0 to 8.0. the yields of S-(+)-DMcPA improved as the ph varied from 6.0 to 7.2 and then decreased at ph 7.2 to ph 8.0. high enantioselectivity was maintained at ph 6.0 to ph 7.2 (>98 %) and then decreased slightly at ph 7.2 to ph 8.0. the optimum buffer ph for the resolution reaction was found to be 7.2, with 38.1 % yield and 98.6 % ee, respectively (Fig. 5) . these results may be explained by the fact that variations in buffer ph will alter the ionic state of the substrate and the enzyme by breaking weak bonds, such as ionic and hydrogen bonds, and affecting the local polarity of the enzyme's active site, leading to changes in the enzyme activity (14) . Effect of the ionic strength on the enzymatic resolution of racemic DMCPE in general, enzyme activities were affected by ionic strength, where higher or lower values may lead to partial inactivation. As seen in Fig. 6 , yield of S-(+)-DMcPA increased with increasing in ionic strength up to an optimum value (up to 1 mol/l, with 38.1 % yield and 98.6 % ee). Further increases beyond 1 mmol/l reduced the yield of S-(+)-DMcPA. it is likely that high ionic strength decreases the solubility of substrate and activity of the enzyme due to the salting-out effect (22) . the ee value of S-(+)-DMcPA was about 98.6 ± 0.2 % with the ionic strength in the range of 0.1 mol/l to 1 mol/l. therefore, the optimal ionic strength of the buffer solution is 1 mol/l. Effect of substrate concentration on the enzymatic resolution of racemic DMCPE the effect of racemic DMcPe concentration (from 35 mmol/l to 140 mmol/l) on the product yield was investigated with the same amount of enzyme (0.16 g novozym 435). As shown in Fig. 7 , the yield of S-(+)-DMcPA decreased with increasing the DMcPe concentration below 65 mmol/l, while the concentration of the product S-(+)-DMcPA markedly increased. When the DMcPe concentration increased further, the yield evidently decreased, while the concentration of S-(+)-DMcPA increased slowly. this implies that the reaction might be inhibited at higher substrate concentrations. When the DMcPe concentration reached 65 mmol/l, a yield of 35.3 % was obtained for S-(+)-DMcPA at 24 h, with 98.8 % ee. However, the substrate concentration showed no influence on the enantioselectivity (ee >98 %). thus, the optimal concentration of racemic DMcPe is 65 mmol/l. 
Effect of reaction temperature on the enzymatic resolution of racemic DMCPE
The reaction temperature normally has a significant effect on the yield and enantioselectivity of the biocatalyst. Generally, novozym 435 is regarded to be thermoresistant, and reaction temperature from 25 °C to 60 °C was tested for this experiment. As shown in Fig. 8 , an increase in reaction temperature obviously boosted the yield of S-(+)-DMcPA in the examined range. however, the enantioselectivity was also obviously dependent on the reaction temperature, where higher ee values (>98 %) were obtained at lower temperatures (from 25 °C to 30 °C); in contrast, at higher temperatures (from 35 °C to 60 °C), the reaction generated lower enantioselectivity. high temperatures may have resulted in a conformational change of the enzyme's active site, which would determine the enantioselectivity of novozym 435 (8) . A study on the effect of temperature on the enantiospecificity by Berendsen (3) also revealed that the decrease in enantioselectivity with temperature may arise from an increased molecular mobility of the catalytic centre at higher temperatures, resulting in more spatial freedom for the substrate as well as a better access into the active site. therefore, the R-enantiomer of the substrate becomes less sterically hindered and this ultimately leads to a lower enantioselectivity for the S-enantiomer (3). Besides, Dabkowska et al. (6) found that the effect of reaction temperature on enantioselectivity correlated with the energy barriers of reactions of two substrate-enantiomers; that is, the greater the difference between the energy barriers, the more temperature affects the enantioselectivity. A maximum value of 98.8 % ee was obtained at 30 °C. These results are in accordance with previous reports (14, 18) . in order to obtain the product with higher optical purity and a satisfying yield, 30 °C was considered to be most potent, with a 35.3 % yield of S-(+)-DMcPA. Comparison of enzymatic resolution of racemic DMCPE in a DMF-water medium and aqueous buffer the time course of the enzymatic resolution of racemic DMCPE at 30 °C, in buffer solution (pH 7.2) containing DMF at a volume fraction of 15 %, is shown in Fig. 9 . the yield of S-(+)-DMcPA increased with reaction time but this increase slowed down after 56 h. therefore, we chose 56 h as the optimum reaction time to obtain a higher yield and higher ee of S-(+)-DMcPA. Under the optimum conditions (15 % DMF, 16 g/l novozym 435, 65 mmol/l DMcPe, 1 mol/l phosphate buffer, pH 7.2, 30 °C, 56 h), S-(+)-DMcPA was obtained with a 49.0 % yield and 98.7 % ee. comparatively, a 45.6 % yield was obtained after 64 h in aqueous buffer under the optimum condition (16 g/l novozym 435, 65 mmol/l DMcPe, 1 mol/l phosphate buffer, pH 7.2, 30 °C). With the enzymatic resolution in a DMF-water medium, the optimum reaction time was shortened by 8 h and the yield of S-(+)-DMcPA increased from 45.6 % to 49.0 %. the results may be explained by an increase of substrate solubility with the help of DMF. enhancement of the reaction efficiency by the addition of hydrophilic organic co-solvents may be of practical importance for the production of S-(+)-DMcPA by novozym 435. 
Conclusions
We developed an efficient route for preparation of S-(+)-DMcPA by increasing the solubility of DMcPe, by using a polar organic co-solvent, generating a yield and ee of S-(+)-DMcPA of 49.0 % and 98.7 %, respectively, with the optimum reaction time shortened by 8 h compared with that in aqueous buffer. co-solvents with higher dielectric constants can improve enzyme flexibility and can be used well in the enzymatic resolution of racemic DMcPe with novozym 435 as the catalyst. A volume fraction of 15 % DMF in phosphate buffer is beneficial for the resolution reaction. These findings illustrate the potential of "solvent engineering" for modulating the enzymatic hydrolytic reaction of DMcPe.
